The paper investigates the determination and the scaling of thermo acoustical characteristics of lean premixed flames as used in gas turbine combustion systems. In the first part, alternative methods to characterize experimentally the flame dynamics are outlined and are compared on the example of a scaled model of an industrial gas turbine burner. Transfer matrix results from the most general direct method are contrasted with data obtained from the hybrid method, which is based on Rankine-Hugoniot relations and the experimental flame transfer function obtained from OH*-chemiluminescence measurements. Also the new network model based regression method is assessed, which is based on a n − τ − σ dynamic flame model. The results indicate very good consistency between the three techniques, providing a global check of the methods/tools used for analyzing the thermo acoustic mechanisms of flames. In the second part, scaling rules are developed that allow to calculate the dynamic flame characteristics at different operation points. Towards this a geometric flame length model is formulated. Together with the other operational data of the flame it provides the dynamic flame model parameters at these points. The comparison between the measured and modeled flame lengths as well as the n − τ − σ parameters shows an excellent agreement. 
INTRODUCTION
Self sustained combustion instabilities [1] are the cause of concern in the modern gas turbine combustion systems based on lean premixed combustor operation. These instabilities are mainly due to the complex interaction mechanism between the burner-flame system and the system acoustics. The stability of these systems can be evaluated with the acoustic network modeling approach [2] . While current research indicates the role of non-normality and non-linearity (e.g. Balasubramanian et al. [3] ) the approach followed here is based upon the linear theory. It requires the knowledge of the dynamic behavior of the flame in terms of the acoustical transfer matrices or transfer functions, which are functions of frequency only. Because of their complexity often these functions are measured [4] or derived from more complex models which are based on experimental investigations. The fundamental method to obtain the flame transfer matrix (FTM) experimentally was proposed in [5] , which was further developed into the multi microphone method (MMM) [6, 7, 8, 9, 10] . While this method allows the most general acoustical characterization of the combustor elements, e.g. burner and flame, its procedure is tedious and time consuming. Also it is very difficult to fully characterize the complex acoustic field e.g. inside an annular test rig with this method as this would require prohibitive experimental effort due to the number of sensors (> 30) [11] . Alternatively one can obtain the FTM using the OH*-CH*-chemiluminescence based flame transfer function (FTF) measurements and linearized Rankine-Hugoniot (R-H) relations making it a hybrid method. Due to limited optical access or in systems with more complex acoustics another method to obtain the FTM is desirable. A novel approach based on model based regression analysis (MBRM) of the experimental data was developed in which these flame characteristics are obtained with a restricted set of measured sensors by using a network model and a flame model [12] . In order to perform a detailed stability analysis using a low order network model as discussed above, the dynamic flame characteristics (e.g. n, τ) need to be known at each point in the operational domain. Though they can be obtained experimentally, such task becomes very costly and cumbersome. To resolve this problem, flame parameters are often obtained from measurements only at few relevant operating points. Given reliable and effective scaling rules as a function of thermal power, equivalence ratio and preheat temperature the dynamic flame parameters could then be determined at all points of interest for the stability analysis. Such scaling laws for the prediction of thermo acoustic characteristics in dependence of the main operating parameters for premixed flames have been proposed by Lohrman and Büchner, 2004 and Russ et al., 2007 [13, 14] . Their analysis is based on a characteristic mean time delay model and using a critical Strouhal number scaling. The mean time delays strongly depend on the turbulent flame speed which in turn depends on the operating point parameters. For their flames Lohrmann and Büchner specify correlations based on experimental data and demonstrate the application on a Helmholtz type combustor.
In this paper first we compare three different experimental methods to determine the dynamic flame characteristics. In particular we show the validity of the new model based regression method (MBRM) that provides the dynamic flame characteristics in terms of the n -τ -σ model parameters. Then we develop a set of scaling rules based on a geometrical flame model to calculate these flame parameters at various operating points. Finally, a comparison between the measured and scaled flame characteristics is performed.
EXPERIMENTAL TEST FACILITY
The experimental investigation was performed on a single burner atmospheric test rig as shown schematically in Fig. 1 . In the single burner test rig ( Fig. 1 ) a thermally insulated and segmented plenum of diameter 120 mm and 1500 mm length is equipped with microphone ports to measure the upstream acoustic field [12] . The EV5 burner located at the end of the plenum consists of two slightly shifted cones providing slots to induce swirl to the reactant flow. Combustion occurs in an air cooled 90 mm square combustion chamber of 700 mm length also equipped with multiple microphone ports. Quartz glass windows on two opposite sides provide optical access. Finally, a downstream exhaust system with a flexible acoustic boundary condition completes the setup. A low reflection or even anechoic boundary condition is desirable for making precise acoustic measurements. For this a perforated end plate is used [15] . Speed controlled sirens are placed up-and downstream of the burner to provide two source forcing with sufficient amplitude. Up to four water cooled pre-amplified condenser microphones (G.R.A.S 40BP -0.25 inch with preamplifier type 26AL) which have a large dynamic range and frequency response are mounted both up-and downstream of the burner. The dynamic pressure is measured using a sample and hold data acquisition system from a multichannel-I/O Board (333 kHz, 12 Bit) at a sampling rate of 10 kHz. In parallel the heat release fluctuations are measured with the OH*-chemiluminescence from the flame using an UV filtered photomultiplier. A UV filter (DUG11, SCHOTT inc.) was mounted to detect the OH*-chemiluminescence which peaks at a wavelength of 308 nm. For optical characterization of the flame, i.e. flame structure and flame length, a high speed camera (APX intensified) has been used. A sequence of five hundred images is used to get the ensemble averaged image to characterize each static (with out external excitation) operating point. The combustion tests were performed injecting natural gas at the primary fuel supply indicated in Fig. 1 . A static mixer and about 200 ms residence time in the 1.5 m supply lines connecting the preheater / -mixer and the upstream siren unit and the bypass at the inlet of the plenum pipe provide a premixed air fuel flow with negligible equivalence ratio fluctuations. Varying the power between 40 to 60 kW and air excess ratio in the range λ = 1.5 − 1.7, two preheating temperatures of 200°C and 300°C were investigated. For the operation range, typical values of Mach number are below 0.1 and Reynolds numbers are above 10000 in plenum and combustion chamber and around 30000 at the burner exit.
In the present investigation particle image velocimetry (PIV) measurements were performed to obtain the mean flow field characteristics of the burner. A picture of the PIV set up in the single burner combustor is shown in Fig. 2 .
The flow direction is from left to right. Two side plates are provided with extended slits that allow the light sheet to pass through the combustion chamber. Placing the windows at the slit ends minimizes scatter and reflections. The measurements are made in the meridional plane of the EV5 burner covering a region of 100 × 80 mm. TiO 2 particles with an average diameter of 5-10 µm are used as seeding. The high speed two component PIV system (from ILA Intelligent Laser Applications GmBH) used in the present study consists of a double pulsed Nd-YAG laser system with a repetition rate of 1 kHz. The laser is synchronized with a high speed camera equipped with a 85 mm lens and an interference filter of 532 nm ± 20 nm. The camera is placed perpendicular to the laser light sheet plane (not shown). The images were acquired at a sampling rate of 2 kHz, to get 1 kHz pairs of images with a resolution of 1024 × 578 px. Depending on the flow field conditions, the time delay between the laser pulses is varied between 15 − 30 µs. For post processing of the images an interrogation area of 16 × 16 px with an overlap of 50% was used. Mean flow field characteristics were obtained for various mass flow rates with and without combustion. These measurements were particularly useful in developing the scaling rules as will be discussed in the following sections.
THEORY AND PROCEDURES
In this section we first discuss alternative experimental methods and theoretical models based on the low order network model approach which are used to determine the dynamic flame characteristics. Later the scaling rules for these characteristics are presented which are based on a geometric flame model that depends on the operational parameters of the flame.
Alternative methods
In low order network modeling the thermo acoustical behavior of a given element, e.g. duct, burner, flame etc., is described with the transfer matrix. In the linear theory the transfer matrix of an element connects the thermoacoustic variables linearly across the element. In the current case the 1-D acoustic field in a perfectly premixed combustion The PIV set up for single burner combustor.
system is described by two state variables, the acoustic pressure (p′) and acoustic velocity (u ′), so the acoustic element can be represented by a 2 × 2 transfer matrix. The mathematical description of transfer matrix is given by (1) Direct acoustic transfer matrix measurement: In 1-D acoustics the acoustic perturbations can in principle be obtained by only two microphones placed on either side of the element [16, 5] . To minimize the impact of errors induced due to turbulent flow and combustion noise, methods were developed that incorporate a higher number of microphones on each side of the test element. This procedure is known as Multi Microphone Method, MMM. Because there are four unknown elements in the transfer matrix but Eqn. 1 provides only two equations, two linearly independent acoustic test states are required to obtain the four unknowns. Typically these test states are realized by acoustic forcing from either side in two separate experiments. More details of this method are presented in various literature [17, 6, 7, 8, 9, 10] . To separate the transfer matrix of burner and flame, first the transfer matrix of the burner is measured without flame (BTM). Next, the transfer matrix of burner with flame (BFTM) is measured. Using the inverse matrix multiplication the desired FTM can be obtained as .
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Figure 3:
Schematic of the heat release distribution of the flame in the burner vicinity. This is approximated with a Gaussian function having mean time delay τ and its standard distribution σ.
Here a basic assumption is made that the BTM remains constant even in the presence of the flame. This assumption is justified for low Mach number applications and is also in agreement with previous work [8, 12] .
Hybrid method: The simpler alternative method to obtain the dynamical flame characteristics in perfectly premixed flames consists of measuring the OH*-chemiluminescence representing the heat release fluctuations (Q · ′) with an UV-photomultiplier and the acoustic field to extract the flame transfer function (FTF). For a low Mach number perfectly premixed flame generally the assumption is made that the heat release fluctuations are mainly due to the velocity fluctuations (u ′ c ) upstream of the flame [18, 9] . The FTF f Q (ω) as a function of frequency can be defined as the ratio of relative fluctuations of the heat release to the relative fluctuations of the velocity at the burner exit. Mathematically represented as (3) Here is the average rate of heat addition. The velocity fluctuation u ′ c at the burner exit can be directly measured from a constant temperature anemometer (CTA). Also, u ′ c can be extracted by measuring only the acoustic pressure upstream using the 1-D network theory and the BTM e.g. using Eqn. 1 [12] .
If the axial flame length (l) is small compared to the acoustic wavelength (λ), the flame can be treated as a compact element [19] . In this case the flame can be considered as a discontinuity at a single plane in an axial flow and everything up-and downstream of this plane remains isentropic. From the conservation of mass, momentum and energy equations the following jump conditions can be derived across this plane for a steady case known as Rankine-Hugoniot (RH) relations [20, 21, 22] . Linearizing and neglecting the terms of second and higher order in Mach number, one then obtains the flame transfer matrix (FTM) relating the acoustic pressure and velocity up-and downstream of the flame as shown in Eqn. 4.
(4)
The subscripts c, h represents the cold and hot sides of the flame sheet respectively,
is the ratio of specific impedances and M is the Mach number of the flow. Now substituting the experimentally determined FTF f Q (ω) from Eqn. 3 into Eqn. 4 one can obtain the desired FTM making it a hybrid method. A major disadvantage of this method is its restriction to perfectly premixed (PPM) flames.
Network model based regression method: The schematic of the 1-D low order network model for the single burner test rig used in this work is shown in Fig. 4 . The elements duct, burner, flame, area change represent the connecting elements while the
speaker and reflecting ends implement the boundary conditions. The burner is modeled as a pressure loss element with inertia and is characterized by the free parameters effective length l eff and loss coefficient ζ [23, 12] . The flame is treated as a compact element with free parameters based on the n − τ − σ flame transfer function discussed further below. The network modeling provides a functional template with a restricted set of physically motivated parameters that can be determined from regression analysis of the experimental pressure data. Given the validity of the parameterized model functions of burner and flame, one can thus obtain the characteristics of the flames without the full experimental expense required for the direct transfer matrix measurement. This model based regression method (MBRM) to determine the FTM presented below needs only one test state as opposed to two in the direct method. This method is therefore very useful in complex geometries like an annular test rig where it is very difficult to achieve two acoustically independent test states for measuring the burner and flame transfer matrices directly. The procedure is shown schematically in Fig. 5 .
A measurement with e.g. upstream excitation is carried out with a row of microphones positioned upstream and downstream. From the 1-D acoustic theory p′ u , u′ u are obtained at a chosen reference plane using the measured pressures at several locations (e.g. from the MMM). The data is then multiplied with the known BTM and FTM model to calculate the pressure and velocity field downstream (p′ d , u′ d ). A regression analysis is performed to match the measured downstream data for all frequencies, such that the error is minimized. In this manner the optimized flame parameters are obtained. This procedure can also be applied in the other direction or with downstream excitation. 
Optimize the flame parameters
Figure 5:
Principle of the model based regression method (MBRM) to determine the flame parameters from only one set of measurement.
The method of course relies on the existence of a suitable burner and flame model. As shown later the model working best for the EV type burner is the n − τ − σ flame transfer function, which is now sketched briefly. Following the work of Schuermans et al. [24, 8] the heat release fluctuations in perfectly premixed flames are considered to be due to velocity fluctuations. Here combustion is assumed to take place with an axial distribution instead of occurring at one fixed position without any dispersion. Consequently the heat release distribution is approximated with a distribution function Φ of time delays. (5) Experimentally the shape of this distribution function is often found to be well approximated by a Gaussian function with a mean time delay τ and its standard deviation as σ ( [24] ):
The Fourier transform of Eqn. 6 yields the FTF f Q (ω).
The distribution function in real flames is limited to the interval between τ min and τ max which is schematically shown in Fig. 3 . In order to fulfill Eqn. 5 one must therefore scale the distribution function Φ with a correction n c such that (8) For the Gaussian distribution with τ min = 0 that results in: (9) Describing experimental data Eqn. 7 is generalized into: (10) introducing the so called interaction index n. Fitting the experimental data with Eqn. 10 n will absorb the correction function n c as well as a proportionality constant
in the interaction of velocity and heat release fluctuations. Substituting Eqn. 10 into the Eqn. 4 will deliver the parameterized analytical FTM.
Scaling rules
For detailed linear stability analysis using a low order network model and a generalized Nyquist criterion based open loop gain method (OLG) [25] , the dynamic flame parameters (e.g. n, τ, σ) are required for each individual operating point. In this section a scaling procedure is developed based on a geometric flame model. It can be used to calculate these flame parameters at other operating points calibrating the procedure on a small number of operating points. Flame length model: The flame length model is developed as a function of thermal load, air excess ratio ratio λ, mixture preheat temperature, combustor pressure and flame geometry. An earlier investigation [26] had shown that the mean convective time delays can be computed from a simplified heat release profile exiting from a typical swirl burner. A schematic of the simplified geometric flame length model is shown in Fig. 6 .
The figure shows the meridional plane of the flow field with a jet flow half angle 1 α 0 and mean radius r 0 = (r i + r o )/2. It is assumed that the flame front has a conical shell surface and anchors at the inner radius (r i ) of the annular burner exit. The annulus could be formed by the recirculation bubble of the EV5 burner or by a center body. Given the recirculation of hot combustion products in the inner recirculation zone the flame ignites in the shear layer between the inner recirculation zone and the cold reactant jet. Also, no reaction is assumed in the outer recirculation zone where large heat losses to the walls of the combustor are expected. Due to the high jet velocity the flame front then 
Figure 6:
Schematic of the flame length model. extends almost tangentially to the streamlines in the diverging flow field until the jet velocity has decayed enough to allow steeper angles of the turbulent flame front [26] . Consequently the flame angle α is slightly larger than the flow jet angle. It is represented as α = α 0 + arcsin(s t /U 0 ) with s t the turbulent flame speed and U 0 the nominal jet velocity. The L f represents the flame length. From the continuity equation one can relate A 0 U 0 = s t A f between the burner exit and the flame front. Thus the geometric flame length can be obtained after some trigonometry as (11) with
i ) the effective burner exit area. In the current work the turbulent flame speed s t is calculated using the model given by Schmid et al. 1998 [27] which is given in Eqn. 12. Schmid et al. validated against classical experiments by e.g. Abdel-Gayed et al. [28] for different fuels and for a considerable range of turbulence parameters. While in principle the model covers the entire Borghi diagram, it does not consider particular high strain effects and thus cannot predict extinction. While other competitive models exist, this model was chosen because of the good experience gained with it in previous reseach work.
(12) (13) Here Da t is the Damköhler number where l t is the turbulent macro length scale and u t is the RMS value of the turbulent velocity fluctuation, s l is the laminar flame speed and ν is the kinematic viscosity. The laminar flame speed is calculated from the correlation proposed by Peters [29] . The turbulent quantities in the jet near field are obtained based on the investigation from Wäsle et al. 2005 [30] as (14) and ( which is typically around L = 0.66 L f for a swirl stabilized flame [30] . Now by substituting Eqns. 12, 14 and 15 into Eqn. 11 we get the desired geometric flame length. As shown in the next section this forms an excellent basis for flame length prediction considering additional flame regime effects. Several authors have performed detailed studies on highly turbulent premixed flames [31, 32, 33, 34] . As a result of these investigations it can be concluded that the complex interaction between the turbulent flow field and the flame front and resulting flame front structure can be fairly well represented by means of characteristic dimensionless numbers. These are, in addition to turbulent Damköhler number Da t , the turbulent Reynolds number Re t = u ′ · l t /ν and the Karlovitz number . Here δ l is the laminar flame thickness. The Re t takes into account the influence of the turbulence on the development of the shear layer thickness downstream of the flame holder. The Karlovitz number can be interpreted as a measure of the flame front stretch or corrugation which influences the turbulent flame speed. It is observed from these investigations that with increasing Re t and Ka the flame front is increasingly corrugated causing local extinctions in the flame. Peters [35] suggests that for Ka > 100 the turbulent premixed flame structures change significantly and even extinguish 2 . As a consequence, these characteristic parameters are included into the geometric flame length model (Eqn. 11) to predict the flame lengths (which are based on flame structure) more appropriately. The modified flame length (L * f ) model is obtained as (16) The modified flame length L * f is normalized with the hydraulic diameter D hyd . The constant factor (0.247) and the exponential coefficients (0.2, 0.076) of the model parameters Re t , Ka in Eqn. 16 are obtained by a fit to the measured flame lengths at several operating points as will be discussed in the following section.
Effective transport velocity:
An effective transport velocity as a function of temperature change across the flame is needed to calculate the convective time delay τ from the flame length. Based on the experimental observations given further below in the results section, a relation is obtained by assuming a linear increase of the jet velocity from the burner exit plane (U 0,c ) to the point of maximum heat release U 0,h . 
Re
International journal of spray and combustion dynamics · Volume . 2 · Number . 2 . 2010 Averageing this Eqn. 17 over x 0,c to x 0,h and dividing by U 0,c yields an expression for effective velocity as (18) Assuming a linear dependency of the jet expansion on the temperature ratio across the flame with a proportionality constant C u one obtains (19) A value of the C u = 0.08 is obtained from the PIV data presented in Fig. 13 [14] the mean convective time delay is directly proportional to the ratio of the distance at which the highest reaction occurs (≈ L f ) and the effective transport velocity (U eff ,c ) which is derived from the burner exit velocity and the temperature ratio between reactants and products. Once we have the suitable flame length model (Eqn. 16), the mean time delay τ, can be obtained as (21) The proportionality factor C τ = 1.5 is fixed (calibrated) by comparing the predicted time delay with that of a measured time delay at a chosen reference operating point (50 kW/l. 7/300). Once the model coefficient is fixed, the time delays can be calculated (scaled) to several operating points as a function of thermal power, λ and preheat temperatures. The fact that C τ = O (1) indicates that the quantities entering the calculation of τ are physical.
Next an expression for σ as a function of τ and flame geometry is derived. Recalling the heat release distribution as discussed in section 3, the heat release is assumed to take a Gaussian form with mean convective time delay (τ) and standard deviation (σ). Applying the Eqn. 6 to represent the heat release distribution, the values of the heat release rate as a function of time for a given τ and σ values can be obtained. Thus, the value of heat release rate (Q · i ) at inner radius r i , where the flame anchors, can be obtained by substituting the time t = 0. Similarly, the maximum heat release rate (Q · max ) is acquired by substituting t = τ in Eqn. 6. Taking the ratio of both the terms yields (22) Though the conical flame model (see Fig. 6 ) certainly does not have a Gaussian distribution of heat release but shows a linear increase from Q · i at the inner radius r i to the outer flame radius we may still use the relative position and magnitudes to estimate the data needed for Eqn. 22 . In particular we use the finding of e.g. Wäsle et al. [30] that the relative location of heat release X OH ≈ 0.66 · L f is fixed and determine Q · max at radius r OH of our conical flame. With this assumption and using simple trigonometric relations we get the ratio of heat release between two positions as (23) Combining Eqns. 22 and 23 and rearranging we get an estimate for σ as (24) The factor C σ = 0.4 is again calibrated to fit the σ values determined from the direct transfer matrix measurement. This constant factor may be attributed to the fact that flame length model is based on a conical shell (Fig. 6 ) instead of a Gaussian shape (Fig. 3) . Again C σ = O(1) which lends confidence that the description relates to the proper physics.
Finally, the relation to calculate the values of the interaction index n as a function of τ, σ is formulated using the correction factor n c (τ, σ) from Eqn. 9 and the above results,
Once again a constant factor C n = 1.36 is needed in Eqn. 25 to fine tune the model so that a best fit to the data from the directly measured transfer matrices is achieved.
RESULTS AND DISCUSSION
Flame transfer matrices
In this section the FTM obtained with MMM directly is compared with that of the hybrid method. Also a fit of the n − τ − σ model to the MMM data is shown to verify its validity for the current burner flame system. The amplitude and phase values of the FTM as an example at 60 kW/1.7/300°C are plotted in Fig. 7 and 8 .
The element T 11 shows that the influence of the flame dynamics is small for low Mach numbers and the scaling is given by the ratio of the specific impedances up-and downstream of the flame (≈ 1.6). For the calculation of the direct transfer matrices the temperatures in the combustor are approximated to a mean value between the adiabatic flame temperature (calculated theoretically) and the temperature measured at the exit of the combustor. The amplitudes of the T 12 and T 21 elements are relatively small compared to the other elements. For the MMM-data the phase values are seen to exhibit 
Acoustic network model validation
The 1-D acoustic network model as discussed previously was verified by comparing the measured and simulated pressure spectra obtained at a chosen microphone location as shown in Fig. 9 . Here the model is fed with the measured upstream excitation and uses the n − τ − σ parameters obtained from fitting the direct FTM-data. 
Figure 8:
Global check showing the consistency between the directly measured, the hybrid OH * -chemiluminescence method and the analytical RankineHugoniot approximation for a PPM operation.
On the left side the amplitude (top) and phase (bottom) values correspond to a microphone position at 290 mm upstream of the burner, while on the right side they correspond to a microphone location at 204 mm downstream. Both spectra are in very good agreement both in amplitude and phase for almost entire frequency domain. The amplitudes measured in the upstream (plenum) side are larger than in the downstream (combustion chamber) which is due to acoustic losses introduced by the burner. This is also well captured by the model. Especially the measured peaks from both microphone locations correspond very well with the simulation. To have a suitable acoustic boundary condition the experimentally determined reflection coefficient as a function of frequency has been provided to the network model. By doing so, the predictions were improved especially in the low frequency domain (< 100 Hz). Some discrepancies can be seen at the resonance frequencies where the model over predicts the amplitude due to lower damping. This can also be seen from the phase plots where the phase drops more sharply in the simulation compared to a smooth phase drop in the experiments. 
Figure 9:
Comparison of the measured and simulated pressure spectrum at upstream (290 mm) and downstream (204 mm) of the burner plane with combustion.
To address this issue, apart from losses at burner and area changes, the effect of visco-thermal damping of acoustic waves in plain ducts has been implemented ( [6, 36] ) in the same network model. In the low frequency approximation, for which k r << 1 and for high shear numbers , with r the radius of the duct and ν the kinematic viscosity of the medium, the influence of damping on the acoustic plane wave propagation is described by a correction factor to the wave number as follows: (26) where (Davies, 1988 [37] ). The simulated pressure spectra with damping included are shown with broken lines in the same plot (Fig. 9) . A closer agreement with measured amplitudes at the resonance frequencies is obtained. In particular, on the downstream side with much higher temperatures the model improves notably. This is because the temperature dependence of the kinematic viscosity proportional with T n having an exponent n ≈ 1.7. Therefore the damping will increase almost linearly [6, 17] . However, the pronounced influence of damping found here is typical of the small scale atmospheric test rig used in these investigations because of its fairly large surface to volume ratio. In a full scale rig operating at gas turbine pressure, this influence is expected to become negligible.
Model based regression analysis
In the following we discuss the results obtained from the model based regression method (MBRM) restricting ourselves to the T 22 element of the flame transfer matrix. For low Mach number this element shows the most strong dependence on the flame dynamics and is therefore best suited to evaluate the accuracy of the method. In particular we compare the results from the direct measurement using the multi microphone method (MMM) with the MBRM fit. For the MBRM-fit the experimental pressure data from a given forcing situation of the experiment, i.e. upstream or downstream forcing can be used in two directions. Using the upstream pressures the regression can be performed on the calculated downstream pressures or vice versa. Thus for each forcing situation we can compare two MBRM-fit results.
The results obtained with MBRM at 60 kW/1.7/300°C with upstream excitation are plotted in Fig. 10 
to obtain the optimized flame parameters. In the right plot the upstream pressure data is used for the regression fit. In general the comparison between the direct measurement (MMM) and the new method (MBRM) is very good It is seen on the T 22 amplitudes that the MBRM in the down to up fit direction works better. Fixing the pressure field on the flame side seems to enhance the sensitivity of the fit residuals to the flame parameters. Applying the same procedure with downstream excitation gives the data shown in Fig. 11 . Once again a very good consistency between the model based regression procedure and the directly measured data is obtained. Again the results seem slightly better when using the down to up fit direction in the MBRM. A quantitative comparison of the flame parameters determined at an operating point of 50/1.7/300°C using the model based regression methods and the multi microphone data is shown in table 1. The first row corresponds to the flame parameters determined from the n − τ − σ model fit on to the directly measured FTM (i.e., using MMM). 
Below the flame parameters deduced from the four MBRM fits are given. Comparing the individual columns it is seen that the interaction indices are all within 20% of the direct value, while the time delays are within 10% and the standard deviations are within 30% of the direct value.
The results of the MBRM indicate a very good consistency with the multi microphone method. This verifies the capability of the MBRM to determine the dynamic flame characteristics from a one side forcing set of measurements. Practically this has many important consequences: The measurement time and thus cost is reduced to half that of the multi microphone method, allowing to investigate twice as many operation points in the same time as before. Also the need to force from two sides is eliminated which makes rig design and operation easier. Furthermore the previous problems of providing the two measurement sets at exactly the same operation point are alleviated. A similar analysis can be made to obtain the optimized burner transfer matrix parameters (l eff , ζ) without flame. As shown by Fanaca et al. [11] the procedure can be used also in systems with a more complex acoustic field, e.g. an annular combustor test rig.
On the downside of the MBRM the prior investment into creating a validated network model has to be considered, which is necessary prerequisite. Here in particular the validity of the parameter model to represent the flame dynamics has to be proven. In general this would be done using the multi microphone method at least at one representative operation point.
PIV flow field investigation
The cold and hot mean velocity flow field measurements using PIV were carried out on both the single and the annular test rig [11, 38] configurations. The primary motivation was to address the differences observed in the dynamic flame characteristics for a similar operating point in both configurations [39] . In this paper the PIV results are used to determine the flow angle (α o ) and velocity profiles which feed into developing the scaling rules presented in the previous section. A result of the PIV measurement in the single burner test rig for a mass flow rate of 35 g/s is shown in Fig. 12 .
The colored contours show the axial velocity flow field. It can be seen that an annular jet is formed with an inner recirculation zone. The recirculation velocity reaches about 65% of the peak jet velocity exiting from the burner. The flow jet half angle is 50°and the inner recirculation zone (IRZ) width is almost 0.8D with a length of 1.8D. The flow field in the combustor exhibits a wall jet regime, where the flow immediately attaches to the wall with a small corner recirculation zone (CRZ). According to Fu et. al. [40] and Fanaca et. al. [39] the occurrence of this regime depends on the degree of confinement seen by the swirling jet, i.e. the area ratio between the combustor and burner exit A cc /A b , and the swirl number.
Effective transport velocity:
To analyze the influence of combustion on the effective transport velocity the PIV measurements with combustion taken in the single burner test rig were not satisfactory, showing many invalid vectors and a large data scatter. The experimental campaign could not be repeated within the scope of this work. Therefore the much more consistent data obtained from the annular test rig was used, assuming that the studied effect would be similar. To obtain an effective transport velocity, the maximum velocity in the annular jet U 0 (x) is plotted over the axial distance. The values are obtained by searching the trajectory of maximum resultant velocity from the PIV data as indicated in Fig. 12 . The U 0 is normalized with the absolute burner exit velocity U b also obtained from the PIV data. The axial distance x is normalized with the effective diameter of the jet, which in this case was taken as the hydraulic diameter D hyd of the jet exiting from the EV5 burner. This is equal to the difference in the outer and inner diameter of the annulus formed by the forward and recirculated flow. This normalization helps in comparing the velocity profiles with that of a turbulent round jet decay behavior. Figure 13 shows the results for the cold flow at a mass flow rate of 32 g/s and a hot flow of the same mass flow rate at a thermal power of 73 kW and an air excess ratio of 1.3 using natural gas. As expected, the velocities are equal close to the burner exit for the cold and hot case. In the cold case a typical free jet behavior with a constant magnitude up to a core axial distance of x 0,c /D hyd = 1.85 is seen which is followed by an inverse decay with distance. Considering the fact, that this annular jet has 2 shear layers and an included angle of 45 degrees with the axis, this core distance value corresponds very nicely with classical round non-swirling jet theory, i.e. 1.85 · 2/cos(π/4) = 5.2. The same behavior is also observed in the hot case, but the core axial distance x 0,h /D hyd = 3.42 is 80% longer than in the cold case. This is because the jet momentum is higher with respect to the environment in the hot case and so a greater penetration results. The factor between the hot and cold core lengths is found as as shown in the figure. After this core distance, the classical jet decay behavior can be observed from the plot for both the cases. Due to reaction and hot gas entrainment the velocity is seen to increase almost linearly in the core region. Using the velocity and the temperature ratio in equation 20, the calibration constant C u can be determined. The deviations from the experimental values were observed to be less than 7% which is given by a relative error approximation e as shown in Eqn. 27.
Scaling of flame parameters
Having this validated flame length model, the scaling procedure as discussed in section 3.2 was applied to predict the dynamic flame characteristics (n, τ, σ). Table 2 shows a summary of the measured flame characteristics suitably normalized with the nominal burner velocity and burner diameter. The normalized time delays and variances are seen to be spread out by a factor of two and there is almost 70% variation in the values of the interaction index. The comparison between the flame parameters from the direct MMM data (referred to as "measured") and the ones obtained from the scaling procedure for PPM operation is shown in table 3. The overall relative error as defined in Eqn. 27 is given in the last row.
Very good agreement between the measured and scaled flame parameters for the operating domain is obtained. In the low preheating case (in particular 50 kW/1.7/200CPH) a significant deviation (up to 30%) is observed in the value of n. The reason for this is, as explained before, at low preheat and high λ value the flame has a different structure compared to the other flames. Comparing the data in Table 2 with Fig. 14 we can note that the increase in the normalized time scale for constant air excess ratio directly reflects the relative increase in flame length compared with the burner velocity. The normalized delay time spread also increases as suggested by Eqn. 24. The interaction index reflects the deviation from a Gaussian heat release distribution, i.e. the clipping, which is strongest for the high Damkohler number short flames e.g. the (40 kW/1.7/300°C) case and decreases with decreasing Damkohler number or increasing power.
Some consideration of the number of free parameters in the scaling rules versus the number of data points should be given here. For the flame length model the exponents of Karlovitz and Reynolds number were fit to the data, whereas the other inputs came directly from independent measurements. Considering this, the good agreement obtained for 9 data points shows that the primary physics have been well described. For the scaling of the dynamical flame parameters there are 4 coefficients that need to be set versus 6 data points. Because of the experimental effort needed these were chosen as to provide a large variation which in conjunction with the good agreement between measured and scaled data provides confidence. It can be concluded from this analysis that the overall performance of the scaling rules derived is very satisfactory.
CONCLUSIONS
Alternative ways to determine the linear thermo acoustical characteristics of lean premixed flames in gas turbine systems, given by their flame transfer matrix (FTM) were investigated using an atmospheric single burner test rig. The directly measured FTM using multi microphone method are compared with the OH*-chemiluminescence based hybrid method in perfectly premixed operation. The comparison shows a very good consistency between the methods. The good agreement of the data with the analytical flame model (n, τ, σ) proves its validity for this burner flame system. A new model based regression method which greatly reduces the experimental effort and therefore enables to provide the flame characteristics for many more operation points than previously possible was developed and validated. For this a network model representing the single burner test rig has been developed and validated against the measurements. In it the influence of damping due to thermo-visco effects on the wave propagation in ducts has been included as the comparison has shown a better agreement with the experimental data in particular at the resonance frequencies. The model based regression method relies on the existence of a suitable model for the flame. While for the given burner the n − τ − σ -model was proven to capture the flame behavior, another burner may require a different model function as shown e.g. in Hirsch et al. 2005 [26] on the comparison of axial and radial swirier flames.
The development of scaling rules to calculate the flame characteristics at other operating points from a known operating point was presented. For this a simplified geometric flame length model has been developed as a function of thermal power, air preheat temperature and air excess ratio. The flow geometry details such as flow angle, have been obtained from the PIV measurements. The dynamic flame parameters are then obtained through proportionality with this flame length. The comparison between the predicted flame lengths and the derived flame parameters with the measurements was made with a fixed set of model constants. It has shown a very good consistency for a broad operation range for a fixed set of model constants thus validating the procedure. As the scaling rules explicitly link the dynamic flame properties to the static operation parameters their influences become transparent. This enhances the usefulness of the developed scaling rules for the dynamic flame characteristics of perfectly premixed flames which are highly relevant to gas turbine applications. While the current flame model and in particular the model constants have been derived specifically for the current flame, the overall approach should be transferable to other premixed flames.
Future work will be directed at the prediction of the stability limits of the annular combustor operating with 12 EV5 burners using a network model and the scaling rules developed in this paper. 
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